A flexible flat micro-Fluxgate sensor with amorphous rectangular core, fabricated using a simple printing technique is presented. All materials were selected to facilitate the fabrication process and to achieve optimal sensor performance. The device's response to an externally applied magnetic field has been studied. The linear measuring range of the sensor is approximately ±40 μT with a linearity error of <2% FS at 100 kHz excitation frequency, allowing the measurement of the terrestrial magnetic field. Experimental results demonstrate that the behaviour of the fabricated device corresponds to the behaviour of a Fluxgate sensor with high sensitivity.
Introduction
Fluxgate sensors are devices capable of measuring the magnetic flux density of weak magnetic fields with very high accuracy. They are vector instruments, a fact that makes them ideal for compass applications. For simple applications that do not require precision and high resolution, they have recently been replaced by anisotropic magnetoresistance sensors (AMR) due to their complicated fabrication techniques [1] . Many efforts have been made to simplify fluxgates' fabrication techniques by using either printed circuit board (PCB) technologies [2] [3] [4] or other microengineering technologies based on silicon [5, 6] . With the transition to silicon process technology, fluxgate sensors inherited the interesting features of microfabrication, as predicted in [7] . New developments on various printing techniques created the possibility for fluxgate sensors and other microfabricated devices to obtain various attractive characteristics, such as flexibility, ease of integration, environmental friendliness etc.
Recently simple printing techniques have become more appealing. They allow rapid manufacturing and the overall production processes are relatively simple. Printed electromechanical systems (PEMS) have already been introduced into the market in the form of inexpensive devices such as electrodes, printed displays, RFID tags, printed sensors and other applications presented in [8] .
In this paper, we demonstrate the feasibility of printing a highly sensitive magnetic sensor using a versatile printing technique. The pad-printing process explained in [8, 9] , is an additive fabrication technique that makes the formulation of thick films possible.
Materials and Methods
The design of the sensor was mainly influenced by the chosen fabrication technique. A typical Fluxgate sensor consists of a soft ferromagnetic core, excitation coils and a sensing coil wound around the core [1] . Thus a simplified "bar design" (shown in Figure 1a ) with solenoid coils was adopted to facilitate the fabrication process.
The sensor consists of five main layers: two conductive layers, two insulating layers and the magnetic core. For the magnetic core, "Vitrovac 6025 Z ® " was selected for its high permeability. Furthermore, the magnetic core is a component glued on the printed layers. The role of the conductive layers is to form the solenoids, while the insulating layers insulate the magnetic core from the coils. Since Pad-printing is an additive fabrication technique and the ink layers used remain flexible, the choice of Kapton ® (polyamide film) with 127 μm thickness as substrate was made. The results of the printing steps are shown in Figure 2 . The first print consists of the bottom conductive layer of the solenoid coils. The polymerization of the inks is achieved by a thermal treatment following each print. For the first two prints a treatment of 1 h at 180 °C was applied. The second print consists of the conductive vias that help to overcome the thicknesses of both the magnetic core and the insulation. The next print consists of the bottom insulating layer. From this point forward, thermal treatment of 2 h at 120 °C was applied after each print. The magnetic core was glued on the surface of the insulating layer. Then the entire insulation was obtained by printing walls laterally to the magnetic core and afterwards the top insulating layer. The addition of the top conductive print forms the solenoids. After the fabrication process, the sensor is tested for sort-circuits with the magnetic core and the characteristics of the coils are measured. The excitation coils exhibit an average inductance value of 0.75 μH each, while the sensing coil exhibits 1.25 μH, measured at 100 kHz.
Experiments and Results
The working principle of the fabricated sensor is based on the periodic modulation of the soft magnetic core's permeability. The excitation coils generate an AC magnetic field that saturates the core and causes an induced voltage on the sensing coil. Without any external magnetic field, the induced voltage is symmetrical and only odd harmonics are present in the waveform. If an external magnetic field is applied, this symmetry is disturbed and even harmonics appear in the induced voltage waveform [10] . The magnitude of the external field can be evaluated through its proportionality to the second harmonic of the induced voltage.
Several measurements were conducted to determine the sensing properties by placing the sensor at a flat (not curved) longitudinally to the magnetic field in a Helmholtz coil configuration. A wide range of excitation frequencies and sinusoidal excitation currents were applied using a signal generator with high output current limit. No capacitors were used for the excitation nor for the output tuning of the sensing coil.
Applying an excitation current of 700 mA p-p with frequencies 5-300 kHz demonstrated that the measuring linear range of the sensor is approximately ±40 μT with a linearity error of <2% FS at 100 kHz. The second harmonic sensor response (V2f) to the applied field is shown in Figure 3 . In Figure 4 , the resulting sensitivity curves are presented as a function of the excitation current. The error bars on the curves show the repeatability and the stable operating points of the sensor. Sensor sensitivity increases with frequency and with current up to a certain limit, while the maximum values of the corresponding sensitivity are shifted due to eddy currents as reported in [2] .
Discussion and Conclusions
We have presented a Fluxgate sensor fabricated using the Pad-printing technique. In contrast to other printing techniques, pad-printing made possible the inclusion of the magnetic core, a non-printed component, into the device. One possible application of this printing technique is the fabrication of PEMS devices on flat and curved surfaces as post-process.
The flexibility of the sensor is susceptible to offer new possibilities in sensing curved magnetic fields. Further work will allow us to study this property. Compared to other microfabricated sensors, sensitivity is among the highest reported. The power consumption of the sensor is high due to the resistivity of the conductive inks, which is 40 times higher than that of pure silver. Further advances in material research and ink formulation are expected to improve ink conductivity, thus minimizing the excitation currents
